This study addresses the changes in dissolved major and trace element concentrations along the Orinoco River, including the mixing zone between the Orinoco and Apure Rivers. Water samples from the Apure and Orinoco Rivers were collected monthly in four sectors over a period of 15 months. Auxiliary parameters (pH, dissolved oxygen, conductivity, and temperature), total suspended sediments, dissolved organic carbon (DOC), and major (Na, K, Ca, Mg, and Si) and trace (Al, Fe, Mn, Zn, Cu, and Cr) element concentrations were measured in all sectors. The relative contribution of both rivers after the Apure-Orinoco confluence was determined using Ca as a tracer.
and major cations such as Na, K, Ca, and Mg. These characteristics are due to the reaction-limited weathering regime and the diverse mixture of silicates, carbonates, and evaporites in the Andes (Edmond, Palmer, Measures, Brown, & Huh, 1996) . Conversely, "blackwater" rivers originating from the Guayana Shield have low concentrations of major ions and TSS and low pH values, mainly due to the presence of organic acids originating from forest soils that have very low buffering capacity because of the igneous rocks that predominate in the blackwater drainages. Because of the marked difference in water chemistry between both typologies of river waters, there is a chemical heterogeneity between the left and right banks within the Orinoco mainstream because "whitewater" rivers flow to the left bank and "blackwater" rivers flow to the right bank. This lateral asymmetry, which has been noted by many authors (Lewis & Saunders, 1984; Laraque et al., 2013; Stallard, 1987) , is maintained in the Orinoco from the confluence with the Guaviare River in the upper Orinoco to the river mouth due to the continuous and heterogeneous deliveries from one river bank to the other (Figure 1 ).
The temporal variability of dissolved major elements in the lower
Orinoco River has been well documented by several authors. Elements such as Na, Ca, and Mg are mainly controlled by a dilution process, and they show a unimodal regime, with high concentrations during low water and low concentrations during the high-water stage . However, elements such as K and Si have shown a non-defined seasonal pattern, with little temporal variations along the hydrological cycle. Despite the numerous works regarding the geochemistry of major ions in the Orinoco waters (Edmond et al., 1996; , 1990 Stallard, Koehnken, & Johnsson, 1991) , the geochemistry of dissolved trace elements in the Orinoco and its tributaries has been poorly investigated because most of the published works, based on one sampling campaign, do not describe the processes controlling the content of dissolved trace elements in these tropical environments. Moreover, the behavior of organic matter and dissolved elements in mixing zones has been documented in large rivers such as the Amazon and Yangtze (Aucour et al., 2003; Ran, Yu, Yao, Chen, & Mi, 2010) . However, this issue has not yet been documented in the Orinoco. Because of the lack of this information, we can formulate the following questions: Why do the concentrations of K and Si in the lower Orinoco River not show a unimodal seasonal pattern, as shown by the other major elements? Could major and dissolved trace elements show a conservative behavior during the mixing process between the Orinoco and a "whitewater" river originating from the Andes? Which processes could control the content of dissolved trace elements in this riverine mixing zone? Considering that mixing is an important natural phenomenon that can affect the chemical composition of water due to different reactions taking place between the dissolved and particulate phases, understanding the major and trace element dynamics in the Apure-Orinoco mixing zone during a hydrological cycle is in prime importance in understanding the biogeochemical cycling of these elements in tropical environments.
Therefore, the objective of this work was to investigate the temporal variation and behavior of dissolved organic carbon (DOC) and dissolved major (Na, K, Ca, Mg, and Si) and trace (Al, Fe, Mn, Zn, Cu, and Cr) elements along the lower Orinoco River mainstream. We emphasized the mixing zone between the Apure River (a "whitewater" river originating from the Andes) and the Orinoco River in order to identify the diverse processes that may affect the geochemistry of the studied dissolved elements. Thus, as a novel issue in comparison with other works carried out in the Orinoco, we compared the measured concentrations of elements after the mixing zone with those predicted through a conservative mixing model to determine whether the dissolved elements show a conservative behavior during mixing. Figure 2 ).
The sampling sites were chosen inside the four sectors distributed between the Apure and Orinoco Rivers (Figure 1 ). Sector 1 was located in the Apure River, Sector 2 was located in the Orinoco before the confluence with the Apure River, Sector 3 was located in the Orinoco after the confluence with the Apure River, and Sector 4 was located in the lower Orinoco River after the confluence with the Caura River (a "blackwater" tributary originating from the Guayana Shield) and before the Puerto Ordaz City. Given the chemical heterogeneity shown by the Orinoco between the left and right banks, two sampling sites were chosen for each sector in the Orinoco River.
These two sampling sites were located approximately 800 m from each bank. The approximate width of the Orinoco River's main channel was 3.7, 5, and 2.2 km for Sectors 2, 3, and 4, respectively. Table 1 shows the codification and the location of the seven sampling sites.
2.2 | Collection, treatment, and preservation of samples.
Water samples were collected monthly from a small boat between were measured in situ using pre-calibrated electrodes. Alkalinity was also measured in the field by titration to pH 4.5. All samples were filtered in the laboratory on the day following sampling through prewashed 0.2-μm acetate cellulose filters. The first 50 ml of filtrate was discarded. The filtered samples were placed in sampling kits and then preserved with ultrapure nitric acid for major and trace element analyses. The samples for Si analyses were preserved with a solution of 1 M of NaOH. For Cr determinations, 500 ml of filtrate was preconcentrated to 50 ml at 80°C by adding 3 ml of ultrapure nitric acid to obtain samples with concentrations higher than the detection limit given for the analytical technique. All bottles used for sampling and storage were pre-cleaned with nitric acid and MilliQ deionized water prior to use. The samples for the DOC analyses were preserved with phosphoric acid and stored in dark glass bottles pre-washed with sulfuric acid and MilliQ deionized water.
| Analytical measurements
Certified standard solutions were used to prepare five-point calibration curves for major and trace element determinations. All calibration curves covered a concentration range of one order of magnitude. Na, K, Ca, Mg, and Si were measured in triplicate by flame atomic absorption spectrometry using a GBC Avanta instrument (model 908G). Na and K were (Mora et al., 2010a) .
| Statistical analysis
The Student's t-test (Miller & Miller, 1989) was used to compare concentrations of the studied elements between banks in each sector of the Orinoco River. A principal component analysis (PCA) of the results obtained in the Orinoco River waters was performed to investigate the relationships among the variables. Prior to multivariable analysis, the data were log-transformed, and the variables were standardized by calculating their standard scores (z-scores). This approach approximates normality and gives the same weight to all variables. For geochemical data, an orthogonal method should be chosen for factor rotation during PCA (Reimann, Filzmoser, & Garrett, 2002) . Therefore, the varimax method was used.
The PCA was conducted using the Statistica 5.0 statistical program.
3 | RESULTS AND DISCUSSION
| Temporal and spatial variability of selected variables along the Orinoco River
The results of the measured variables in all selected sectors of the Orinoco River throughout this study are provided in Table S1 . Data of the Caura and Apure Rivers have already been published in separate papers on the geochemistry of these rivers (Mora et al., 2010a; Mora et al., 2010b) . These results, together with the studies performed in the Orinoco, Caura, and Apure Rivers in the 1980s (Lewis, Hamilton, Jones, & Runnels, 1987; Lewis & Saunders, 1990; , represent a unique time-series of data of major and trace elements measured along the Orinoco River and its tributaries, and they
show the changes in the chemical properties of the Orinoco downstream of the Apure-Orinoco confluence. It can be seen that our data of dissolved major elements in Sector 4 are in agreement with those reported by Lewis and Saunders (1989) . However, the trace element concentrations in Sector 4 were lower than those reported previously (Mora et al., 2009) , probably due to the differences in the pore size of the filters used in both studies (0.45 vs. 0.2 μm), which can affect the trace element content in filtered waters. ) probably due to the consumption of dissolved oxygen by bacterial respiration during the degradation of large pools of organic matter (Amon & Benner, 1996) provided by the floodplain at this stage. The seasonal TSS pattern ( Figure 3d ) is in agreement with those noted by other authors Meade, Weibezahn, Lewis, & Pérez, 1990) , with low values at the low-water stage and the maximum value in May, due to the resuspension of fine-grained sediments stored in the channel beds when the river begins to rise.
The spatiotemporal pattern of DOC depicted in Figure 3e shows that it had maximum concentrations at the high-water stage due to DOC in the Orinoco mainly being derived from microbial decay of vegetation in the forests and savannas that are flooded during this period (Medina, Francisco, Sternberg, & Anderson, 2005) . The pH; conductivity; and Na, Ca, Mg, and HCO Sector 2 showed a slight heterogeneity between banks (OR1 and OR2), with significant differences between both banks (p < 0.05) for Na, K, Ca, and Mg concentrations. This heterogeneity is due to the continuous input of high quantities of Na, K, Ca, Mg, and HCO Sector 4 exhibits high homogeneity between banks (no significant differences were found for major elements and DOC concentrations) due to this sector being located after Ciudad Bolívar, where a reduction of the main channel and bedrock outcrops of the Guayana Shield provoke flow vortexes and turbulences that cause a certain homogenization of the channel waters (Laraque et al., 2013) .
All of the studied trace elements showed their minimum concentrations during the low-water stage. Dissolved Mn, Zn, and Al Mn and Zn showed a high heterogeneity between banks in Sectors 2 and 3 (significant differences were found for both elements in these sectors) during most of the studied months.
| Principal component analysis (PCA)
PCA is a statistical method that reduces the dimensionality of the data while retaining most of its variation. It carries out this reduction by identifying vectors (principal components) in which the variation in the data is maximal. In this study, PCA captures the important features inherent in the variability of dissolved elements along the Orinoco River and helps to recognize patterns controlling the content of these elements. Applying PCA to the large dataset of the Orinoco River, only two important components were significant ( Figure 6 ).
The first, which describes most of the sample variance (40 %), had high positive loads for the variables controlled by a dilution process (Na, K, Ca, Mg, HCO − 3 , pH, and conductivity) and high negative loads for Mn and Zn. The second component describes 28% of the sample variance and has high negative loads for DOC, Cr, and Cu, suggesting that DOC controls the content of both elements. Although Fe seems not to be
FIGURE 3 Temporal and spatial variability of (a) pH, (b) conductivity, (c) dissolved oxygen, (d) total suspended sediments (TSS), (e) dissolved organic carbon (DOC), and (f) temperature in the Orinoco River waters at Sectors 2 (OR1 and OR2), 3 (OR3 and OR4), and 4 (OR5 and OR6) during the studied period associated with a particular group of variables, it tends to be positively correlated with redox-sensitive elements such as Mn and with DOC.
| Conservative mixing model
Although major elements have shown a conservative behavior during transport and mixing (Ran et al., 2010) , Ca could be precipitated during transport. However, there is no tendency toward calcite precipitation in the Orinoco and Apure Rivers as shown by our calculations based on the water quality data of both rivers. Additionally, because the Ca content in the particulate phase can be removed by the weathering of clays during the mixing process, the enhancement of Ca in the dissolved phase by this erosive process is negligible (Aucour et al., 2003) . Indeed, these facts indicate that dissolved Ca shows a conserva- Contributions f3 and f4 of the Apure waters to sites OR3 and OR4
(respectively) of the Orinoco River can be calculated using Ca as a tracer through the following equations:
where C OR1 , C OR2 , C OR3 , C OR4, and C APU are the Ca concentrations at sites OR1, OR2, OR3, OR4 and in the Apure River, respectively. The uncertainties associated with the contribution of the Apure River toward the Orinoco River at sites OR3 (Δf3) and OR4 (Δf4) can be calculated using the partial derivative method: Once the contributions f3 and f4 are obtained, the predicted concentrations for each studied element at sites OR3 (C OR3 ) and OR4 (C OR4 ) can be computed using the same equations (1 and 2), substituting the concentration of Ca for the concentration of the studied element. The uncertainties of the predicted concentrations for each element were calculated through the following equations obtained from the partial derivative method: 3.4 | Non-conservative behavior of DOC 3.5 | Behavior of major and trace elements 3.5.1 | Elements derived from water-rock interactions (Na, Ca, and Mg) Figure 4a , c, and d shows that the concentration patterns of Na, Ca, and Mg are opposite to the annual evolution of the water discharge of the Orinoco River. These elements are mainly provided by whitewater tributaries (Guaviare, Meta, and Apure) due to the weathering of silicates, carbonates, and evaporites in the Andes (Edmond et al., 1996) . Their shows that there are no significant differences between the predicted and measured concentrations of dissolved Mg and Na after the Apure-Orinoco mixing in all months, indicating that both elements are conservative during the mixing. Indeed, these elements have shown a conservative behavior in river mixing zones (Aucour et al., 2003; Ran et al., 2010) , mainly due to their high mobility during weathering and transport.
| Nutrients (K and Si)
Because the dissolved K in the Orinoco River is derived from silicate weathering, the concentrations of this element should be the highest in all sampling locations during the low-water stage.
However, this element only showed high concentrations during the low-water stage at sites OR1, OR2, and OR3, with little variation along the hydrological cycle at sites OR4, OR5, and OR6 ( Figure 4b ). Studies carried out in the Apure River have shown that a high proportion of K comes from biogenic sources (Mora et al., 2010b) . The Apure River's deltaic floodplain (internal delta type) covers a large extent of lowlands areas. During the rainy season, shallow flooding occurs in these large expanses of savanna (Saunders & Lewis, 1988; Hamilton & Lewis, 1990) , and a vast area with high vegetation density is inundated, promoting the decomposition of large amounts of submerged vegetation. During this process, the K content in plants is leached from the vegetation to the river waters (Chaudhuri, Clauer, & Semhi, 2007) , increasing the content of dissolved K in the Apure River (Mora et al., 2010b) , which is provided later to the Orinoco. However, this process is not extensive in the Orinoco River due to the differences in the morphology of its floodplain. Unlike the Apure floodplain, the Orinoco River floodplain consists of a network of permanent lagoons that fringe the main channel. Therefore, at the low-water stage, the major proportion of dissolved K content in the lower Orinoco River (Sector 4) is derived from the weathering of silicates and K-feldspars in the Andes and in the Guayana Shield.
Nevertheless, during the high-water stage, the dissolved K derived from rock weathering decreases due to a dilution process, whereas Similarly, Lewis (1988) indicates that during low water, there is a peak of primary production in the Orinoco mainstream, where the dominant taxa include the diatoms Melosira and Rhizosolenia. It is well known that during favorable conditions (light and nutrients), there is a "bloom" of phytoplankton communities, mainly diatoms (Furnas, 1990) , which have the ability to metabolize silicic acid from the environment for the formation of their exoskeletons (Seckbach & Kociolek, 2011) . Because the increase in primary production in the Orinoco River is driven by the high transparency values during the low-water stage (Lewis, 1988) , large quantities of dissolved Si can River and its tributaries is controlled by a pH-dependent redox process (Figure 11d ), where Mn-oxyhydroxides can be incorporated into the particulate phase by coprecipitation.
The positive relationship between Mn and Zn ( Figure 6 ) and the drastic removal of both elements after the Apure-Orinoco confluence (Figures 8f and 10f) suggest that a specific process must be involved to explain the behavior of both elements. It is well known that Mn oxides scavenge trace elements in aquatic environments (Tebo et al., 2005) and that the oxidation of Mn may affect the cycling and transport of Zn because Zn can be adsorbed by Mn oxides during Mn oxidation (Tebo et al., 2004) . Thus, the removal of Zn from the dissolved phase after the Apure-Orinoco mixing can be due to the scavenging of Zn by Mn oxides, where the oxidation of Mn can be catalyzed by bacteria in response to increased pH. This is in agreement with studies carried out by Shiller and Boyle (1985) showing a strong affinity with DOC to form Fe-bearing organic colloids in tropical rivers (Dupré et al., 1999; Benedetti, Mounier, Filizola, Benaim, & Seyler, 2003a) 3.5.4 | Elements associated with organic matter (Al, Cu, and Cr)
Although dissolved Al concentrations in river waters have been associated with Al-organic complexes, dissolved Al was not correlated with DOC ( Figure 6 ). Dissolved Al has been shown to be complexed with two different pools of organic colloids (high-and low-molecularweight organic colloids) in tropical river waters (Dupré et al., 1999; Benedetti et al., 2002 Benedetti et al., , 2003a . The high-molecular-weight organic pool is highly aromatic and more reactive and tends to be adsorbed by mineral surfaces, whereas fulvic substances of low aromaticity and with abundant oxygen groups are less reactive (Bardy et al., 2008; Alasonati, Slaveykova, Gallard, Croué, & Benedetti, 2010) . Figures 8h and 10h show that the predicted concentrations of Al in the Orinoco River were significantly higher than the measured concentrations at sites OR3 and OR4. This indicates a removal of Al after the Apure-Orinoco mixing, which is in agreement with previous studies carried out in the Amazon River system (Benedetti et al., 2003a) . Because high-molecular-weight humic substances are preferentially adsorbed onto mineral phases during mixing processes (Pérez et al., 2011) , the content of Al-organic complexes of high molecular weight in the waters of the which do not tend to be adsorbed onto mineral surfaces (Pérez et al., 2011; Alasonati et al., 2010) . Additionally, several studies have shown that lower-molecular-weight fractions of organic colloids exhibit the highest complexing capacity for Cu and Cr (Nifant'eva, Burba, Fedorova, Shkinev, & Ya Spivakov, 2001; Benedetti et al., 2003a) . This can suggest that dissolved Cu and Cr can be mainly bounded to smallsized organic matter in the Orinoco River. Thus, the conservative behavior of both elements is induced by the low capacity of these small organometallic complexes to be adsorbed onto mineral surfaces.
However, over several months, there is a small but significant loss of Cu from the dissolved phase (Figure 10i ), most likely due to a minor amount of Cu associated with large-sized organic colloids, which are adsorbed onto clays supplied by the Apure River.
| CONCLUSIONS
The concentrations of dissolved Na, Ca, and Mg along the Orinoco River are controlled by a dilution process. Thus, the unimodal seasonal pattern shown by these elements is driven by one unimodal water discharge regime in the river. The concentrations of dissolved K do not show a well-defined unimodal seasonal pattern due to the input of plant-derived K during the high-water stage, which is provided by the Apure River. All of these elements behave conservatively during the Apure-Orinoco mixing. Dissolved Si is also controlled by a dilution process, although this element behaves non-conservatively at the low-water stage probably due to biological removal by diatoms.
The loss of DOC during the Apure-Orinoco confluence can be mainly related to the adsorption of high-molecular-weight organic colloids onto mineral particles supplied by the Apure River. Similarly, the removal of Mn and Zn from the dissolved phase during mixing can be due to the coprecipitation of Mn-oxyhydroxides and the scav- The temporal variations of dissolved Al, Cr, and Cu are controlled by the temporal variability of DOC concentrations in the Orinoco River due to these elements being complexed with dissolved organic matter.
Dissolved Al behaves in a non-conservative way during the ApureOrinoco mixing. However, Cu and Cr can behave conservatively because both elements tend to be complexed with small organic colloids, which can be not adsorbed on the clays provided by the Apure River.
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